Abstract: Tribological parameters of the frictional contact in the cutting tool material being machined are very important for choosing an optimal tool material and wear-resistant coating. The paper considers an experimental technique that allows experimentally simulating with a high degree of reliability the real conditions of friction and wear at the local contact of a tool and a workpiece in the cutting zone when exposed to the appropriate temperatures (400-800 °C). This technique makes it possible to determine parameters such as the strength n of adhesion bonds on the cut and the adhesion (molecular) component fM of the friction coefficient. Special equipment has been developed that makes it possible to heat the contact zone and provide a typical temperature distribution through the depth of the contacting bodies. The use of the described technique facilitated obtaining data on the influence of temperature on the tribotechnical properties of tribopairs of coated cutting tool material being machined for various grades of the material being machined and the coating compositions. These results were compared with the data of the corresponding cutting tests.
INTRODUCTION
Modification of the surface layer of metal cutting tools through deposition of modifying coatings is a valuable resource for improving their performance properties (tool life, reliability, ability to work at elevated cutting speeds and feeds, thermostability, etc.). In turn, the challenge to evaluate coating properties and identify key factors affecting the working efficiency of coated tools is a very complex and not completely solved task.
The most important mechanical characteristics of coatings affecting their performance characteristics are usually as follows:
-microhardness (affecting the tool life of a coated tool); -strength of adhesion bonds in the coating-substrate system; -impact toughness (affecting the crack resistance of coating); -coefficient of friction (COF).
The most important characteristic of coatings is also thermostability, that is, the ability of coatings to remain operative at the highest possible temperatures. Recently, special attention has been focused on the study of the properties of coatings at temperatures corresponding to the actual temperatures in the cutting zone [1, 2] since all coating characteristics above vary significantly at the stated temperatures and often drastically differ from the values measured at room temperature. There are several studies aimed to determine the COF in samples with different coatings, including at elevated temperatures [1] [2] [3] [4] .
The paper [3] shows COF at room temperature for the coatings TiN (0. Wang et al. [7] considered the properties of the coating CrAlN in terms of the Cr-Al ratio in the coating composition. In particular, the studies included the change in the COF, and it was found that, with an increase in content of Cr, a certain growth of the COF was observed. Nohava et al. [8] considered the properties of the coatings AlCrN, α-(Al,Cr)2O3, and AlCrON in comparison with the properties of the reference coating TiN-AlTiN. Meanwhile, the coatings under study had three-layer structures, including an adhesion layer -TiN, an intermediate layer -nano-composite AlTiN, AlTiN/SiNx, and an outer wear-resistant layer of the composition described above. The tribological tests were carried out at temperatures of 24, 600 and 800 °C. The maximum value of the COF was observed at temperature 600 °C for all the studied samples, and at a temperature of 800 °C, the study found a significant decrease in the COF (down to 0.6-0.8) to values lower than that observed at room temperature (0.3-0.5). Bao et al. [9] studied the properties of multilayered chemical vapour deposition (CVD) of the coating TiCN/TiC/TiN. The COF was measured at room temperature and at temperature 550 °C and reached 0.4-0.5 and 0.6-0.7, respectively.
Therefore, it can be argued that the COF for samples with coatings changes significantly with an increase in temperature. Moreover, this change is characterised first by the smooth growth of the COF with an increase in temperature, and then by a sharper decrease in the COF with a further increase in temperature.
EXPERIMENT
A complex system formed in the zones of the actual contact of friction bodies has specific properties that differ from the properties of the materials of those bodies considered outside the friction contact.
It is necessary to assess the properties of the contact zone directly, which can correlate with the main factors of friction and wear. The use of contact forces for this purpose, measured directly in terms of friction of the actual parts in conditions of elevated temperatures, is difficult for several reasons. Among them, the particularly important reasons are the uneven distribution of forces and temperature in the contact area and the different chemical purity and resolution of contacting surfaces, which complicates the determination of actual contact loads.
The experimental method [10] was used to evaluate the tribotechnical parameters (τnn, prn, τnn/prn). The above method is based on a physical model (Figure 1 ), which, in the first approximation, reflects the actual conditions of friction and wear on the local contact. According to this model in Figure 1 , a spherical indenter (2) of the tool material (simulating the individual roughness of a contact surface of solid bodies in friction), compressed by two plane-parallel samples (1) of the material being machined (with high precision and cleanliness of contacting surfaces), spins under the load. The force Fexp to rotate the indenter, applied to the cable (3) laid in a groove of disc (4) is mainly related to the shear strength τnn of the adhesion bonds. The strength nп of adhesion bonds on the cut is determined from the relation:
where Fexp is the circumferential force on the disc, rotating the indenter; Rexp is the radius of the disc in which the indenter is fixed; rind is the radius of the indent on the samples.
Because of the small dimension of the indent, it is assumed that the normal stresses acting on the surface of the sphere are constant and equal in the area of the entire indent. They are defined as follows:
The adhesion (molecular) component of the COF is as follows:
To use the method discussed above in the conditions of elevated temperatures of contact, special equipment (adhesiometer) has been developed [11] to heat the contact zone and provide a characteristic temperature distribution over the depth of the contacting bodies.
Two-sided spherical cylinders (with a radius of 2.5 mm and a height of 25 mm) made of tool materials (carbides) were used as an indenter. The contact zone was subjected to heating after the installation of samples and an indenter and application of the load N, under the action of which the indenter with a sphere of radius r1 intruded into the samples to some depth h. There is plastic contact, and external friction is observed [10] in the rotation of a cutting punch. The assumed loads and low roughness of the contacting surfaces provide not only the necessary area of the actual contact between the samples and the indenter but also the extrusion (rupture) of the formed films (oxide and sorbed ones) and the contact of relatively pure metal surfaces. That ensures a high density of contact between the indenter and the samples and almost excludes the penetration of oxygen from the air into a large part of the contact area. To ensure homogeneity of physico-mechanical properties, the samples are made from the same workpiece. The experiments are carried out at different values of the contact temperature . Thus, the relations of nп = f (prn) are obtained at different values of .
According to the studies carried out using the described method, the reliable data on the value nп can be obtained at 2-3 repetitions of the experiment, while the probable deviation does not exceed 5%. Moreover, the following are conditions of the experiment:
-Conditions of deposition: VIT-2 installation using filtered cathodic vacuum arc deposition (FCVAD) [12] [13] [14] technology.
-Conditions of cutting tests: lathe CU 500 MRD; turning material: steel ANSI 5135.
-Cutting tool: carbide inserts SNUN ISO 1832:2012 made of carbides (WC+15% TiC+8% Co) and (WC+6% Co); tool geometry: γ = -8°; α= 6°; K = 45°; λ = 0; R = 0.8 mm; cutting modes: f = 0.11 mm/rev; аp = 0.5 mm; vc = 220 m min -1 .
RESULTS AND DISCUSSION
The microstructures of the coated samples under study are shown in Figure 2 . The coatings are nanostructured. The thickness of the nano-layers is 30-79 nm, and the total coating thickness reaches about 3 μm. The temperature range of 20-550 °C has been arranged to study the influence of temperature on the tribotechnical properties of tribopairs of the material being machined, the carbide with wearresistant complex (shear strength τnn of adhesion bonds, normal stress on contact prn, and = , which represents the adhesion component of the COF, on which the deeper deformation of contact layers depends [F1, F2]). The graphs of relations between τnn, prn, and and the temperature are presented in Figures 3 and 4 . The relations above show that the shear stress τnn initially grows for all samples and then decreases with an increase in temperature. Meanwhile, the parameter for a sample with the coating Zr-ZrN-(Nb,Zr,Cr,Al)N first increases noticeably with the growth of temperature, but at temperatures above 400 °C, it begins to decrease with an increase in the process intensity as the temperature increases. In particular, for samples of carbide WC-TiC-Co, at temperature of 400 °C, τnn is significantly (almost by two times) higher for a sample with the coating Zr-ZrN-(Nb,Zr,Cr,Al)N in comparison to uncoated samples. At the same time, at a temperature of 400 °C, the parameter is higher for an uncoated sample. For samples with the coating Ti-TiN-(Ti,Cr,Al)N, the relation between τnn and temperature is the lowest for all samples under the study. Initially, when the temperature rises, a slight increase in τnn is observed, but at temperatures over 300 °C, the parameter value begins to decrease with the increasing temperature. Meanwhile, at a maximum temperature of 550 °C, this value is approximately equal to the value at room temperature.
Coating Ti-TiN-(Ti,Cr,Al)N Coating Zr-ZrN-(Nb,Zr,Cr,Al)N Figure 2 . Microstructure of the coated samples under study at a cross-cut section (SEM FEI Quanta 600 FEG).
We consider the features of the change in the adhesion (molecular) component fM of the friction coefficient with increasing temperature. It should be noted that the parameter value for samples with coatings is noticeably lower than for an uncoated sample at all temperatures and for all types of carbides. Meanwhile, this parameter reaches its maximum value at a temperature of about 400-450 °C, and then it begins to decrease. The lowest value of the adhesion (molecular) component of the friction coefficient is observed for a sample with the coating Ti-TiN-(Ti,Cr,Al)N; however, when the limit temperature of 550 °C is reached, the parameter value for a sample with the coating Zr-ZrN-(Nb,Zr,Cr,Al)N decreases sharply. Thus, at a temperature of 550 °C, the values of fM for samples with both coatings become approximately the same but substantially lower than that for an uncoated sample. It can be predicted that, with a further increase in the temperature, the minimum value of this parameter will be observed for a sample with the coating Zr-ZrN-(Nb,Zr,Cr,Al)N.
The results of cutting tests in steel ANSI 5135 under longitudinal turning using carbide tools (uncoated and with the studied coatings) are presented in Figures 5 and 6 . c)
The cutting tests found that a cutting tool with the coating Ti-TiN-(Ti,Cr,A,lSi)N showed longer tool life, while the samples with the above coatings showed the lowest value for the adhesion (molecular) component of the friction coefficient and the lowest dependence of the parameter from the temperature. The samples from carbide (WC-Co) generally showed noticeably shorter tool life in comparison with the samples of carbide (WC-TiC-Co). The value of fM was also noticeably lower for all studied samples of carbide (WC-TiC-Co). 
CONCLUSIONS
The studies found the following results. The adhesion (molecular) component fM of the friction coefficient initially increases with the growth of temperature and then begins to decrease sharply with an increase in temperature above 400-450 °C. In addition, samples with the coating Ti-TiN-(Ti,Cr,Al)N showed the lowest value of fM in the studied temperature range (although at room temperature, the parameter value differed little from the other samples). Samples with the above coating also showed the smallest change in fM with a change in temperature. Moreover, cutting tools with the coating Ti-TiN-(Ti,Cr,Al)N also showed the longest tool life at cutting tests. Therefore, there is a direct influence of the fM value at elevated temperatures on the thermostability of the parameter on the tool life of cutting tools.
The studies confirm the necessity to consider the value of the COF precisely at operating temperatures (in particular, at temperatures in the cutting zone). With increasing temperature, the COF changes significantly, and this change is different for different types of coatings (which also agrees with the results of [1] [2] [3] [4] ).
